Abstract: Protein kinase CK2 has been considered as an attractive therapeutic target of cancer therapy. The tricyclic quinoline compound CX-4945 is the first representative of CK2 inhibitors used in human clinical trials. The binding of non-2,6-naphtyridine substituted compounds 27e (IC 50 > 500 nM) and 27h (IC 50 > 1000 nM) to CK2 is abolished. However, the unbinding mechanisms due to the key pharmacophore group replacement of compounds 27e and 27h are unveiled. In the present work, combined computational analysis was performed to investigate the underlying structural basis of the low-affinity of two systems. As indicated in the results, the loss of hydrogen bonds between the non-2,6-naphtyridine and the hinge region destroyed the proper recognition of the two complexes. Besides, the allosteric mechanisms between the deviated ligands and the changed regions (G-loop, C-loop and β4/β5 loop) are proposed. Furthermore, energetic analysis was evaluated by detailed energy calculation and residue-based energy decomposition. More importantly, the summary of known polar pharmacophore groups elucidates the pivotal roles of hinge region sub-pocket in the binding of CK2 inhibitors. These results provide rational clues to the fragment-based design of more potent CK2 inhibitors.
Introduction
Protein kinase CK2, also known as casein kinase II, is a ubiquitous eukaryotic serine/threonine protein kinase [1, 2] . The stable heterotetramers assembled by catalytic (α) and regulatory subunits (β) catalyze the phosphorylation of over 300 known substrates involved in important cellular processes [3, 4] . Most substrates are transcription factors or regulatory proteins, by which CK2 is implicated in signal transduction pathways associated with human diseases [5, 6] . The over expression of CK2α is particularly elevated in various malignant tumors compared with normal tissues or cells [7, 8] . Consequently, CK2α is considered as a potential therapeutic antitumor target, and the discovery of ATP-competitive inhibitors has been the focus of anti-cancer drug design.
In recent years, numerous efforts have been made to design and synthesize a series of ATP-competitive inhibitors, including polyhalogenated benzimidazole derivatives [9, 10] , anthraquinone, tricyclic quinolone derivatives, natural products and others [11] [12] [13] . However, most inhibitors are precluded to be the drug candidates because of cytotoxicity, genotoxicity and other pharmaceutics deficiencies [14] [15] [16] . Surprisingly, with the favorable safety and pharmacokinetic property, the tricyclic quinolone derivatives CX-4945 has entered into human clinical trials and is also used in the treatment of cholangiocarcinoma approved by FDA [17, 18] . Meanwhile, CX-4945 and CX-5011 have been demonstrated to overcome drug resistance in cancer therapy [19, 20] . Therefore, tricyclic quinolone inhibitors are expected to be the anticancer drug candidates.
The typical binding pocket of CK2α is composed of hydrophobic regions, a positive area and a hinge region [12, 21, 22] . CX-4945, a representative inhibitor with holistic recognition mechanism, not only establishes interactions with hinge and positive regions simultaneously, but also shows higher inhibitory activity (IC 50 = 0.3 nM) [23, 24] . The tricyclic skeleton of the compound makes strong contacts with residues in the hydrophobic regions, which is a region of the protein that stabilizes binding to CK2. Meanwhile, the pyridine and carboxylate group of CX-4945 establish interactions with the hinge and positive regions, respectively. These polar interactions have a function in orienting the inhibitors in the binding pocket. In the previous studies, we have firstly built 3D-QSAR models for a series of tricyclic quinolone derivatives and identified two key pharmacophore groups: the 2,6-naphtyridine group and R2-carboxylate-substituent [25] . It was concluded that the simultaneous presence of these interactions is essential for guaranteeing the high potency of ATP-competitive inhibitors.
Experimental results also support the view that the binding modes of compounds and active site features are the most important consideration for successful CK2 inhibitor design. In our previous study, we have elucidated the structural basis for low-affinity binding of non-R2 carboxylate-substituted tricyclic quinoline analogs to CK2α using comparative MD simulations [26] . Compound 12 (IC 50 = 0.5 nM) was chosen as a reference inhibitor owing to the polar interactions formed between R2 carboxylate-substitution and 2,6-naphtyridine group with the positive and hinge region, respectively. Results showed that both the changed conformation of CK2α and deviated orientation of ligands occurred in the two non-R2 carboxylate-substituted compound systems, which resulted in the inappropriate CK2α-ligands recognition and provided a structural basis for the decreased inhibitory activity. Notably, the alteration of 2,6-naphtyridine is also fatal to inhibitory activities of tricyclic quinolone derivatives. The comparison of the structure and inhibitory activity of compounds 27e (1,6-naphtyridine) and 27h (phenyl) versus compound 12 (2,6-naphtyridine)indicates that both the other substituent at the responding site and the position alteration of the key function result in a significant reduction of inhibitory activities (1000 and 2000-fold decrease) [27] . Therefore, there is an urgent need to systematically investigate the essential role of 2,6-naphtyridine on the inhibitory activities of tricyclic quinolone derivatives.
Nowadays, molecular dynamics (MD) simulations are useful and crucial tools in drug discovery [28, 29] . MD has proved to be a useful complement to structural and other experimental studies in elucidating detailed dynamical behaviors processes at the molecular level [30] [31] [32] . In this study, computational investigations, including molecular docking and MD simulations were conducted to examine the detailed binding modes and remarkable conformational alterations of three systems. Also, molecular mechanics Poisson-Boltzmann and generalized Born/surface area (MM-PB/GBSA) binding free-energy calculations were conducted to elucidate the instability of the non-2,6-naphtyridine substituted compound systems. Our findings may provide valuable information for further structural modification and development of highly potent CK2α inhibitors.
Results and Discussion

Molecular Docking Analysis
In previous studies, the successfully reproduced binding modes of CX-4945 and compound 12 to CK2α confirmed the validity and reliability of the docking method for tricyclic quinolone derivatives. As observed in compound CX-4945 and 12, two non-2,6-naphthyridine compounds 27e and 27h located at the active site of CK2α primarily through hydrophobic and polar interactions (Figure 1 ). The tricyclic skeleton and phenyl moiety of compound embed in the hydrophobic regions I (Val53, Val66, Phe113, Met163 and Ile174) and II (Leu45, His115 and His160). Meanwhile, the carboxylate substituent, a negative charge center, created electrostatic interactions with the positive area involving the W1, Glu81 and Lys68. In addition, two water-bridged hydrogen-bond involving residues His160 and Asn118 also existed in two complexes. ( Figure 1 ). The tricyclic skeleton and phenyl moiety of compound embed in the hydrophobic regions I (Val53, Val66, Phe113, Met163 and Ile174) and II (Leu45, His115 and His160). Meanwhile, the carboxylate substituent, a negative charge center, created electrostatic interactions with the positive area involving the W1, Glu81 and Lys68. In addition, two water-bridged hydrogen-bond involving residues His160 and Asn118 also existed in two complexes. Specifically, in contrast to compound 12, the 1,6-naphthyridine of compound 27e and isoquinoline of 27h did not establish any polar interactions with Val116 as compound 12 did, and thus may have a negative contribution to the inhibitory activity of 27e and 27h. We speculate the loss of the H-bond of the 2,6-naphthyridine group with the hinge region exerts a fatal impact on the inhibitory activity of CK2 inhibitors. The analysis is consistent with relevant references [27] and may provide rational clues to the design of more potent CK2 inhibitors by considering the key functional groups and residues.
Molecular Dynamics Simulationstudies
Overall Features of Dynamic Behaviors
MD simulations of 40 ns duration were performed to explore the dynamic behaviors of the CK2α-12, 27e and 27h systems, respectively. For each trajectory, the time-dependent RMSD profile from the starting structure is shown in Figure 2 . The fluctuations of the three systems followed the same trend in all cases throughout the simulations, and acceptable equilibrium plateaus were approached during the last 20 ns. As depicted in the lower panel, some instability could be observed for CK2α of other two systems (2.5 Å) in contrast to the CK2α-12 complex (2.0 Å). This indicates that the two instable systems underwent conformational changes to some degree. A fact worth highlighting is that three compounds exhibited significantly different behaviors observed in upper panel. The RMSD value of compound 12 remained around 0.25 Å during the MD simulation. In contrast, the RMSD values of compounds 27e and 27h gradually increased from 0.2 Å to 1.5 Å with the averaged values of 1.0 Å and 1.5 Å, respectively. It was speculated that two compounds may deviate away from their original positions and thus induce the inappropriate interactions of two systems. Specifically, in contrast to compound 12, the 1,6-naphthyridine of compound 27e and isoquinoline of 27h did not establish any polar interactions with Val116 as compound 12 did, and thus may have a negative contribution to the inhibitory activity of 27e and 27h. We speculate the loss of the H-bond of the 2,6-naphthyridine group with the hinge region exerts a fatal impact on the inhibitory activity of CK2 inhibitors. The analysis is consistent with relevant references [27] and may provide rational clues to the design of more potent CK2 inhibitors by considering the key functional groups and residues.
Molecular Dynamics Simulationstudies
Overall Features of Dynamic Behaviors
MD simulations of 40 ns duration were performed to explore the dynamic behaviors of the CK2α-12, 27e and 27h systems, respectively. For each trajectory, the time-dependent RMSD profile from the starting structure is shown in Figure 2 . The fluctuations of the three systems followed the same trend in all cases throughout the simulations, and acceptable equilibrium plateaus were approached during the last 20 ns. As depicted in the lower panel, some instability could be observed for CK2α of other two systems (2.5 Å) in contrast to the CK2α-12 complex (2.0 Å). This indicates that the two instable systems underwent conformational changes to some degree. A fact worth highlighting is that three compounds exhibited significantly different behaviors observed in upper panel. The RMSD value of compound 12 remained around 0.25 Å during the MD simulation. In contrast, the RMSD values of compounds 27e and 27h gradually increased from 0.2 Å to 1.5 Å with the averaged values of 1.0 Å and 1.5 Å, respectively. It was speculated that two compounds may deviate away from their original positions and thus induce the inappropriate interactions of two systems. The residue fluctuations characterized by B-factors were evaluated to detect the flexible regions of the CK2 structure. It can be clearly seen that the C loop, G loop and β4/β5 loop had higher B-factor values ( Figure 3A ), suggesting that these residues appeared to exhibit abnormal behaviors in the enzymatic function of CK2α. Based on the structural superimposition of the three systems, some remarkable differences in secondary structure in contrast to the original configuration were clearly found ( Figure 3B ). These changes were distributed primarily over residues located in the β4/β5 loop, C-loop and G-loop region in the two complexes. This was especially in the "stretch" conformation of β4/β5 and open G-loop regions, which resulted from the disruption of allosteric mechanisms involving two pairs of hydrophobic interactions between Phe54 and Tyr50 of G-loop and Ile69 and Val73 of the C-loop, as well as the electrostatic interaction networks of Lys68 and Glu81 and W1 ( Figure 3C ,D). It was readily apparent that non-R2 carboxylate-substituted compounds follow the same allosteric mechanism as indicated in previous studies [26] . Meanwhile, similar coupling mechanism between the C-loop and the G-loop have also been used to interpret the loss of catalytic activity of cAMP-dependent protein kinase (PKA) [33] and cyclin-dependent kinase 2 (CDK2) [34] , and glycogen synthase kinase-3 (GSK3) [35] .
Besides the C-loop, G-loop and β4/β5 loop of two systems, other areas with higher B-factors also could be noticed in the Figure 3A , including residues located at N-terminal (Arg10-Val30) and C-terminal (Lys260-Arg280), residues from Glu55 to Val65 of linker-loop of C-loop and G-loop, and the hinge region (Ala110-Asp120). The N-terminal and C-terminal residues were exposed to the solvent and lacked of the anchoring interactions with neighbor residues, which resulted in a certain degree of flexibility. The reorientation of the G-loop and C-loop inevitably compelled the linker-loop residues (Glu55 to Val65) moving away from original position. In addition, the deviated compounds 27e and 27h induced conformational changes of hinge region. These speculations could be supported by the related references [25, 26, 31, 36] . The residue fluctuations characterized by B-factors were evaluated to detect the flexible regions of the CK2 structure. It can be clearly seen that the C loop, G loop and β4/β5 loop had higher B-factor values ( Figure 3A ), suggesting that these residues appeared to exhibit abnormal behaviors in the enzymatic function of CK2α. Based on the structural superimposition of the three systems, some remarkable differences in secondary structure in contrast to the original configuration were clearly found ( Figure 3B ). These changes were distributed primarily over residues located in the β4/β5 loop, C-loop and G-loop region in the two complexes. This was especially in the "stretch" conformation of β4/β5 and open G-loop regions, which resulted from the disruption of allosteric mechanisms involving two pairs of hydrophobic interactions between Phe54 and Tyr50 of G-loop and Ile69 and Val73 of the C-loop, as well as the electrostatic interaction networks of Lys68 and Glu81 and W1 ( Figure 3C,D) . It was readily apparent that non-R2 carboxylate-substituted compounds follow the same allosteric mechanism as indicated in previous studies [26] . Meanwhile, similar coupling mechanism between the C-loop and the G-loop have also been used to interpret the loss of catalytic activity of cAMP-dependent protein kinase (PKA) [33] and cyclin-dependent kinase 2 (CDK2) [34] , and glycogen synthase kinase-3 (GSK3) [35] .
Besides the C-loop, G-loop and β4/β5 loop of two systems, other areas with higher B-factors also could be noticed in the Figure 3A , including residues located at N-terminal (Arg10-Val30) and C-terminal (Lys260-Arg280), residues from Glu55 to Val65 of linker-loop of C-loop and G-loop, and the hinge region (Ala110-Asp120). The N-terminal and C-terminal residues were exposed to the solvent and lacked of the anchoring interactions with neighbor residues, which resulted in a certain degree of flexibility. The reorientation of the G-loop and C-loop inevitably compelled the linker-loop residues (Glu55 to Val65) moving away from original position. In addition, the deviated compounds 27e and 27h induced conformational changes of hinge region. These speculations could be supported by the related references [25, 26, 31, 36] . 
Inappropriate Recognition Mechanisms
The subtle difference between compounds 12, 27e and 27h is only the alteration of the nitrogen atom in the 2,6-naphtyridine, which generates a significant decrease in inhibitory potency. Although the skeletons of compounds 27e and 27h located in the same active site observed for compound 12, the orientation of two non-2,6-naphtyridine substituted compounds were shifted significantly and deviated from their original positions of docking poses. Specifically, the conserved H-bond with Val116 of the hinge region was severely destroyed; whereas the conserved carboxylate group still made stable polar interaction with the positive area residue Lys68, which could be confirmed by the distance between O1 and O2 atoms of compounds 27e and 27h and NZ atom of Lys68 (Figure 4) .
Due to the incapability of the non-2,6-naphtyridine to form H-bond with hinge region, the skeleton of two inhibitors could not be fixed in the original position and thus migrated during dynamics simulation. Meanwhile, a strong electrostatic interaction network involving Lys68, Glu81, Asp175 and the carboxylate group make an extra contribution to the shift of tricyclic skeletons from the hinge region, which was followed by movement of the phenyl moiety toward the G-loop. We can speculate that the above may be the rational reason for the low inhibitory activities of non-2,6-naphtyridine substituted compounds. Thus, the simultaneous presence of polar interactions between inhibitors and the hinge region as well as the positive area is essential for recognition and location of this class of compounds. Interestingly, the same circumstances can also be occurred for the non-R2 carboxylate-substituted systems, which suggests that tricyclic quinoline analogs with the improper pharmacophore, non-R2 carboxylate and non-2,6-naphtyridine, follow the same inappropriate recognition mechanism for low-affinity binding of compound to CK2α [26] . 
Due to the incapability of the non-2,6-naphtyridine to form H-bond with hinge region, the skeleton of two inhibitors could not be fixed in the original position and thus migrated during dynamics simulation. Meanwhile, a strong electrostatic interaction network involving Lys68, Glu81, Asp175 and the carboxylate group make an extra contribution to the shift of tricyclic skeletons from the hinge region, which was followed by movement of the phenyl moiety toward the G-loop. We can speculate that the above may be the rational reason for the low inhibitory activities of non-2,6-naphtyridine substituted compounds. Thus, the simultaneous presence of polar interactions between inhibitors and the hinge region as well as the positive area is essential for recognition and location of this class of compounds. Interestingly, the same circumstances can also be occurred for the non-R2 carboxylate-substituted systems, which suggests that tricyclic quinoline analogs with the improper pharmacophore, non-R2 carboxylate and non-2,6-naphtyridine, follow the same inappropriate recognition mechanism for low-affinity binding of compound to CK2α [26] . [27, 37, 38] . And the polyhalogenated benzimidazole derivative DMAT (IC50 = 0.15 μM) establishes two halogen bonds with Glu114 and Val116 of hinge region [39] . While natural derivatives emodin and DBC which only make electrostatic interactions with Lys68 and Glu81 of positive area display moderate inhibitory activity against CK2 (IC50 = 2 μM and IC50 = 0.1 μM, respectively) [21, 40] . It can be found that amino, hydroxyl group and heterocyclic nitrogen atoms tend to establish H-bonds with Glu114 or Val116. The halogen atoms build halogen bond with carbonyl oxygen atom of residue Glu114 and Val116. In contrast, only a few groups such as hydroxyl and carboxylate make electrostatic interactions with Lys68 of the positive area. This suggests that the hinge region plays a pivotal role in the recognition and orientation of CK2 inhibitors [41] [42] [43] [44] [45] . As proof of concept, by improving the interaction with the hinge region, trifluoromethylcoumarin derivatives were rationally designed and gave better inhibitory activity compared to the methyl substituted analogues [46] . This will provide the theoretical basis and experiment guidance for the development of anti-cancer drugs by targeting CK2.
Energy Examination
The different binding modes of compounds provide a full and detailed description of each system, while binding energy calculations give qualitative analysis for the effect of inappropriate pharmacophore groups on compound binding affinity. As listed in Table 1 , the total ΔGbinding of compound 12 (IC50 = 0.5 nM) is −46.36 kcal/mol, which is 1.51 kcal/mol and 4.60 kcal/mol lower than that of the compound 27e and 27h (IC50 > 500 nM, IC50 > 1000 nM), respectively. Comparison of the energy component of the two systems shows the favorable formation of complexes is driven by ΔEele, ΔEvdw and ΔGnonpolar. The noteworthy energy differences among three systems were that the ΔGele values of compounds 27e (−1.50 kcal/mol) and 27h (−0.28 kcal/mol) exhibited more unfavorable contributions than that of compound 12 (−10.97 kcal/mol), which was in accordance with the crashed H-bond between the deviated compounds with higher RMSD values and the hinge region. However, the non-polar contributions (ΔGnonpolar) of three systems shared similar energy components. This may be due [27, 37, 38] . And the polyhalogenated benzimidazole derivative DMAT (IC 50 = 0.15 µM) establishes two halogen bonds with Glu114 and Val116 of hinge region [39] . While natural derivatives emodin and DBC which only make electrostatic interactions with Lys68 and Glu81 of positive area display moderate inhibitory activity against CK2 (IC 50 = 2 µM and IC 50 = 0.1 µM, respectively) [21, 40] . It can be found that amino, hydroxyl group and heterocyclic nitrogen atoms tend to establish H-bonds with Glu114 or Val116. The halogen atoms build halogen bond with carbonyl oxygen atom of residue Glu114 and Val116. In contrast, only a few groups such as hydroxyl and carboxylate make electrostatic interactions with Lys68 of the positive area. This suggests that the hinge region plays a pivotal role in the recognition and orientation of CK2 inhibitors [41] [42] [43] [44] [45] . As proof of concept, by improving the interaction with the hinge region, trifluoromethylcoumarin derivatives were rationally designed and gave better inhibitory activity compared to the methyl substituted analogues [46] . This will provide the theoretical basis and experiment guidance for the development of anti-cancer drugs by targeting CK2.
The different binding modes of compounds provide a full and detailed description of each system, while binding energy calculations give qualitative analysis for the effect of inappropriate pharmacophore groups on compound binding affinity. As listed in Table 1 , the total ∆G binding of compound 12 (IC 50 = 0.5 nM) is −46.36 kcal/mol, which is 1.51 kcal/mol and 4.60 kcal/mol lower than that of the compound 27e and 27h (IC 50 > 500 nM, IC 50 > 1000 nM), respectively. Comparison of the energy component of the two systems shows the favorable formation of complexes is driven by ∆E ele , ∆E vdw and ∆G nonpolar . The noteworthy energy differences among three systems were that the ∆G ele values of compounds 27e (−1.50 kcal/mol) and 27h (−0.28 kcal/mol) exhibited more unfavorable contributions than that of compound 12 (−10.97 kcal/mol), which was in accordance with the crashed H-bond between the deviated compounds with higher RMSD values and the hinge region. However, the non-polar contributions (∆G nonpolar ) of three systems shared similar energy components. This may be due to the fact that the wrecked hydrophobic interactions of deviated tricyclic skeleton with residues Val66 and His115 were effectively supplemented by a strong interaction network involving residues Val53 and Ile174. Energy decomposition analysis was carried out to evaluate the energetic influences on the contributions of critical residues ( Figure 5 ). Major favorable energy contributions observed in three systems, ranging from −6 to −1 kcal/mol originate predominantly from the hinge region (His115 and Val116), positive region (Lys68 and Asp175) and hydrophobic region (Leu45, Val53, Val66, Phe113, Met163 and Ile174), which are also reported as the key residues in other CK2-inhibitor complexes. Except His115 and Val116, the energy values of the above mentioned residues, increase to different extents compared with those of the CK2α-12 system, which indicate that non-2,6-naphtyridine groups exert little influence on the total energy, whereas the contribution of His115 and Val116 in hinge region contribute significantly. These data agree with the abolishment of the conserved H-bond with Val116 and the reorientation of the tricyclic skeleton observed in MD simulation. to the fact that the wrecked hydrophobic interactions of deviated tricyclic skeleton with residues Val66 and His115 were effectively supplemented by a strong interaction network involving residues Val53 and Ile174. Energy decomposition analysis was carried out to evaluate the energetic influences on the contributions of critical residues ( Figure 5 ). Major favorable energy contributions observed in three systems, ranging from −6 to −1 kcal/mol originate predominantly from the hinge region (His115 and Val116), positive region (Lys68 and Asp175) and hydrophobic region（Leu45, Val53, Val66, Phe113, Met163 and Ile174）, which are also reported as the key residues in other CK2-inhibitor complexes. Except His115 and Val116, the energy values of the above mentioned residues, increase to different extents compared with those of the CK2α-12 system, which indicate that non-2,6-naphtyridine groups exert little influence on the total energy, whereas the contribution of His115 and Val116 in hinge region contribute significantly. These data agree with the abolishment of the conserved H-bond with Val116 and the reorientation of the tricyclic skeleton observed in MD simulation. 
Materials and Methods
Ligands Preparation and Molecular Docking
The four CX-4945 analogues with diverse construction and inhibitory activities IC50 were obtained from the literature [27] . The atomic coordinates of CK2α were retrieved from the Protein Data Bank (PDB ID: 3PE1) [24] and hetero atoms, except for water molecules within 6.5 Å of the compound, were removed. The co-crystallized compound CX-4945 was chosen as a template to build compounds 12, 27e and 27h using Sybyl 8.1 [47, 48] . The chemical structures along with biological activities are shown in Figure 6 .
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Materials and Methods
Ligands Preparation and Molecular Docking
The four CX-4945 analogues with diverse construction and inhibitory activities IC50 were obtained from the literature [27] . The atomic coordinates of CK2α were retrieved from the Protein Data Bank (PDB ID: 3PE1) [24] and hetero atoms, except for water molecules within 6.5 Å of the compound, were removed. The co-crystallized compound CX-4945 was chosen as a template to build compounds 12, 27e and 27h using Sybyl 8.1 [47, 48] . The chemical structures along with biological activities are shown in Figure 6 . The three compounds were docked into the active site of CK2α using the molecular docking program Genetic Optimization for Ligand Docking (GOLD) version 3.0 [49] . In the first step, the compound CX-4945 as the reference structure was applied to locate potential binding sites with amino acids within a 6.5-Å radius of the compound. The crystal structure of CK2α in complex with compound CX-4945 was then used to optimize docking parameters and evaluate the reliability of the docking methods. The standard default genetic algorithm (GA) parameters along with the annealing settings, which optimize the GoldScore fitness function, were employed to predict receptor-ligand binding positions. For each ligand, the early termination criterion was that the top ten ranked solutions were all within 1.5-Å RMSD of each other. The top ranked conformations of all inhibitors clustering in the binding pocket of the protein were directly used to build models. We then employed the binding site in the molecular docking study and the compounds docked were performed to model the other four complexes based on the CK2α-CX-4945 system.
Molecular Dynamics Simulations
Molecular dynamics simulations were carried out using the Amber 10 package [50] . The docked structures of CK2a with compounds 12, 27e and 27h were used as the initial structures for MD calculations. Owing to the lack of parameters needed for the ligands in the Cornell et al. force field [51] , the partial atomic charges of the compounds were obtained via quantum electronic structure calculations including an optimization procedure using the Gaussian 03 program [52] at the HF/6-31G* level, electrostatic potential (ESP) generation using the Merz-Singh-Kollman van der Waals parameters [53] , and the atom-centered charge fitting through the RESP program implemented in the AMBER 10 package [54] . Subsequently, each system was neutralized by adding Na + ions and then solvated in a truncated octahedral box of TIP3P water molecules with a margin distance of 10 Å [55] . Prior to the simulation, energy minimizations were performed to relieve geometric strain and close intermolecular contacts using the steepest descent and conjugate gradient methods. Each resulting system was gradually heated from 0 to 300 K with weak constraint to the complex (5.0 kcal/mol) over 15 (ps) followed by a constant temperature equilibration at 300 K for 35 ps. Finally, constant pressure dynamics simulations were carried out on the warmed systems for 10 The three compounds were docked into the active site of CK2α using the molecular docking program Genetic Optimization for Ligand Docking (GOLD) version 3.0 [49] . In the first step, the compound CX-4945 as the reference structure was applied to locate potential binding sites with amino acids within a 6.5-Å radius of the compound. The crystal structure of CK2α in complex with compound CX-4945 was then used to optimize docking parameters and evaluate the reliability of the docking methods. The standard default genetic algorithm (GA) parameters along with the annealing settings, which optimize the GoldScore fitness function, were employed to predict receptor-ligand binding positions. For each ligand, the early termination criterion was that the top ten ranked solutions were all within 1.5-Å RMSD of each other. The top ranked conformations of all inhibitors clustering in the binding pocket of the protein were directly used to build models. We then employed the binding site in the molecular docking study and the compounds docked were performed to model the other four complexes based on the CK2α-CX-4945 system.
Molecular dynamics simulations were carried out using the Amber 10 package [50] . The docked structures of CK2a with compounds 12, 27e and 27h were used as the initial structures for MD calculations. Owing to the lack of parameters needed for the ligands in the Cornell et al. force field [51] , the partial atomic charges of the compounds were obtained via quantum electronic structure calculations including an optimization procedure using the Gaussian 03 program [52] at the HF/6-31G* level, electrostatic potential (ESP) generation using the Merz-Singh-Kollman van der Waals parameters [53] , and the atom-centered charge fitting through the RESP program implemented in the AMBER 10 package [54] . Subsequently, each system was neutralized by adding Na + ions and then solvated in a truncated octahedral box of TIP3P water molecules with a margin distance of 10 Å [55] . Prior to the simulation, energy minimizations were performed to relieve geometric strain and close intermolecular contacts using the steepest descent and conjugate gradient methods. Each resulting system was gradually heated from 0 to 300 K with weak constraint to the complex (5.0 kcal/mol) over 15 (ps) followed by a constant temperature equilibration at 300 K for 35 ps. Finally, constant pressure dynamics simulations were carried out on the warmed systems for 10 ns in the NPT ensemble, using a non-bonded cutoff of 10 Å to truncate the VDW non-bonded interactions. Temperature (300 K) and constant pressure (1 atm) were maintained by Langevin dynamics temperature coupling with a time constant of 1.0 ps and isotropic position scaling with a relaxation time of 2.0 ps, respectively [56] . The SHAKE algorithm with a tolerance of 10-5 was used to constrain all bonds involving hydrogen atoms [57] , allowing a 2 fs time integration step, while the particle-mesh-Ewald (PME) method was introduced for the long-range electrostatic contribution to the force field [58] .
MM/PBSA and MM/GBSA Calculations
The binding energies of the three systems were calculated using MM-PB/GBSA methods [59, 60] . The binding free energy (∆G binding ) was calculated according to the following equation:
∆G binding = G complex − [G protein + G ligand ] = ∆E gas + ∆G sol − T∆S (1) where ∆E gas is the molecular mechanic energy including internal (i.e., bond, angle, and dihedral energies), van der Waals (E vdw ), and electrostatic energies (E ele ) was calculated using the sander without applying a cutoff for non-bonded interactions. The free energy of solvation G sol was estimated by continuum solvent methods as the sum of electrostatic (∆G polar ) and non-polar (∆G nonpolar ) contributions. The electrostatic contribution to the solvation free energy (∆G polar ) was calculated by the PB model as implemented in SANDER, applying dielectric constants of 1 and 80 to represent the solute and the exterior medium phases, respectively. The non-polar component (∆G nonpolar ), as a linear function of solvent-accessible surface area (SASA) [61] , was represented as ∆G nonpolar = λSASA + b, where λ = 0.00542 kcal/(mol Å 2 ) and b= 0.92 kcal/mol. Given the large computational overhead and low prediction accuracy, the time consuming conformational entropy change (−T∆S) was not considered [62, 63] . The entropy term has been neglected, assuming that it will be very similar for all of the systems. Apart from the calculation of relative binding affinities, a per-residue decomposition of the total energy was performed to evaluate the contribution of each residue to the binding for the three systems, which provided a full description of energetic influences on binding affinity because of carboxylate substituent change. The detailed theory of energy decomposition is described elsewhere.
Conclusions
Molecular docking, molecular dynamics simulations and energy analysis were employed to explore the pivotal roles of the hinge region sub-pocket in the binding of tricyclic quinolone analogues with CK2. The loss of H-bonds between non-2,6-naphtyridine substituent compounds and the hinge region induce the reorientation of the compound. Meanwhile, the allosteric pathway between the deviated ligands and the affected positions is proposed. In addition, the energy analysis enables the qualitative investigation of the effects of non-2,6-naphtyridinesubstituent changes on ligand binding affinity. The most important presented here is a summary of known polar pharmacophore groups of ATP-competitive inhibitors. The findings of this study will be valuable for future rational design of novel CK2 inhibitors as promising anticancer therapeutics.
